We study the prospect of the Gaia satellite to identify black hole binary systems by detecting the orbital motion of the companion stars. Taking into account the initial mass function, mass transfer, common envelope phase, interstellar absorption and identifiability of black holes, we estimate the number of black hole binaries detected by Gaia and their distributions with respect to the black hole mass for several models with different parameters. We find that ∼ 300 − 6000 black hole binaries will be detected by Gaia during its ∼ 5 years operation. The shape of distribution function of the black hole mass is affected most severely by the relation between the zero-age main sequence (ZAMS) stellar mass and the black hole mass in parameters adopted in this paper, which implies that black holes detected with Gaia enables us to constrain the mass relation.
INTRODUCTION
It is believed that there are 10 8−9 stellar-mass black holes (BHs) in our Galaxy (Brown & Bethe 1994; Timmes, Woosley & Weaver 1996) . X-ray binaries are the only representatives of those BHs that have been observationally identified. Today 59 X-ray binaries are considered to harbor a BH (Corral-Santana et al. 2016) . In these binaries the masses of the BH and the companion star are estimated from optical and X-ray observations. Ozel et al. (2010) presented the Galactic black hole mass distribution which is based on the dynamically measured masses of 16 black holes in transient low-mass X-ray binaries. Farr et al. (2011) perform a Bayesian analysis using the observed black holes masses of 20 X-ray binaries and reach the similar results. The observed BH mass distribution is quite narrowly centered around 7.8±1.2 M ⊙ . BHs in the mass range of 2 − 5 M ⊙ are absent in the Galaxy (at least as far as X-ray binaries are concerned). This may be related to the physics of implosion or supernova explosion that lead to the black hole formation.
LIGO has detected Binary BH mergers in distant galaxies (Abbott et al. 2016a (Abbott et al. ,b, 2017 . Somewhat surprisingly these BHs are significantly more massive than the observed Galactic X-ray binary BHs. The corresponding masses range from ∼ 7.5M ⊙ to ∼ 36M ⊙ . At present it is not clear if the difference in the observed mass distribution is due to a different origin of the progenitors, to differences in the initial mass function or simply due to the LIGO's sensitivity that is larger for masaki@ioa.s.u-tokyo.ac.jp more massive BHs.
In X-ray binaries, X-ray emission originates from the mass transfer from the companion star to the BH. Such a mass transfer is expected when the radius of a companion star is larger than the Roche lobe radius of the system. However, if the orbital separation of a binary is too wide, there would be no mass transfer and no X-ray emission. The BH does not emit any electromagnetic radiation in such cases. However, we can still discover such BH and estimate its mass if we are able to measure the orbital period and the semi-major axis with astrometry for its companion (Kawanaka et al. 2017; Mashian & Loeb 2017; Breivik et al. 2017) .
The astrometric satellite, Gaia, that was launched at the end of 2013 is an ideal tool to perform the needed observations. Gaia can perform absolute astrometric measurement with a great precision on objects brighter than G < 20 mag, where G-band covers wavelength between 0.3 and 1.0µm (de Bruijne 2012) . In case of a BH binary, if the companion is sufficiently bright, Gaia will detects its motion from which the existence of the BH can be inferred. Our goal here is to estimate, following Kawanaka et al. (2017) the expected number of BH binaries that can be detected by Gaia over its 5-year mission. In this work we follow the binary formation and evolution taking into account the initial mass function, common envelope phase and mass transfer, and we estimate the total number of Galactic BH-main sequence star binaries without mass accretion in our Galaxy, as well as their distribution with respect to their masses and orbital separations. We then estimate their detectabil-ity and identifiability taking into account the interstellar absorption and obtain the number of such binaries detectable by Gaia during its operation (∼ 5 years). We consider BH binaries that are bright enough to be detectable and their orbits are shorter than Gaia's mission life time, yet they are far enough not to involve mass transfer so that they are not active X-ray sources. Recently Mashian & Loeb (2017) estimated the number of black hole binaries detectable by Gaia over its 5-year mission as nearly 2 × 10 5 . However, they do not take into account the change of orbital parameters due to the mass transfer from a primary star (i.e., the progenitor of a black hole) to a secondary star or the common envelope phase. In addition, they do neither estimate the effect of interstellar absorption nor include the identifiability of BHs with Gaia, which would significantly reduce the number of detectable black hole binaries. Breivik et al. (2017) also estimated the number of such black hole binaries using the binary population synthesis code COSMIC, and predict that Gaia will be able to discover 3,800 to 12,000 black hole binaries. However, they also do not take into account the interstellar absorption and so this number may be overestimated. Moreover, it is not clear how the results depend on the relation between the initial stellar mass and the remnant black hole mass, which is closely related to the mechanism of core collapse supernovae.
The structure of this work is as follows. We begin in §2 with a discussion of the initial conditions of BH progenitors and we derive the differential number of BH binaries detectable with Gaia per unit distance, BH mass, companion mass, and semi-major axis of BH binaries, where we take into account the binary evolution scenarios, focusing separately on low and high mass ratio binaries ( §2.1-2.5). We then give the ranges of the companion mass and semi-major axis for integrating the differential number, considering the effect of interstellar extinction and the condition required for the detection of BH binaries with Gaia ( §2.6 and §2.7). By integrating the differential number, we obtain the total number and the distribution of the detectable BH binaries for several models in §3. In §4, we discuss the possibility that the BH detected with Gaia constrains the relation between the ZAMS mass and BH mass. Finally, we conclude in §5.
MODEL
We begin with a discussion of the evolution of binaries, starting with a set of initial binary parameters: the two initial masses of the progenitors:M 1 andM 2 (or alternatively the primary's mass and the mass ratio q ≡M 1 /M 2 , with q ≤ 1) and the initial separation,Ā. Hereafter barred quantities are inital ones and unbarred one are the present quantities e.g. M BH and M 2 the current masses of the primary (that has turned into a BH) and the secondary, respectively. In the following subsections, we show the total number of black hole-main sequence star binaries without mass accretion in our Galaxy, as well as their distribution with respect to their masses and orbital separation. We consider two cases separately: a mass ratio close to unity (q > 0.5) in §2.4 and a small mass ratio (q < 0.5) in in §2.5.
A general description
We begin by considering the distributions of the binary parameters at birth. For the primary star we use the initial mass function (IMF) given by (Kroupa 2001 ) as a fiducial case:
(1) We also take another IMF given by Kroupa et al. (1993) and Kroupa & Weidner (2003) to investigate dependence of results on IMF:
(2) For the secondary mass, we assume a flat mass ratio distribution as the fiducial case, (Kuiper 1935; Kobulnicky & Fryer 2007) :
We also try the cases of the index of q, -1 and +1. Here, we set the lower limit of q asM min /M 1 , whereM min = 0.08M ⊙ is the minimal initial mass of a star. We assume that the recent specific star formation rate in our Galaxy to be a constant (Belczynski et al. 2007) :
This assumption is justified as the life times of stars that we examine are much shorter than the evolution times of our Galaxy. The distribution of initial binary separations is assumed to be logarithmically flat (Abt 1983) :
The normalization factor Γ 0 is determined by the range ofĀ:
We set the lower limit of this integral,Ā min , as the distance such that the primary fills its Roche lobe at the periastron (Eggleton 1983) :
With this definition of A min and the normalization condition, Γ 0 is a function ofM 1 and q. We set the upper limit asĀ max = 10 5 R ⊙ . Binaries withĀ max = 10 5 R ⊙ will not come to contact, their orbital periods are too long to be found by Gaia in our lifetime, and they will likely be disrupted even by a small mass loss/kick in the SN explosion. Thus they can be treated as a single stars. In addition, the number of such binaries is small, as the distribution of orbital periods probably falls quicker then 1/A for long periods.
As we are interested in binaries that contain a black hole (as a remnant of the primary star) and a secondary star that has not collapsed, the age of the system should be between t = t L,1 and t = t L,2 , where
Gyr is the lifetime of a star with an initial massM I . For the primary star t L,1 is the time when it collapses into a black hole.
Turning now to the current conditions of the system we note that with no current mass transfer from the secondary star to the black hole the radius of the secondary should be smaller than its Roche lobe:
Using the mass-radius relation for terminal age main sequence (Demircan & Kahraman 1991) and the formula by Eggleton (1983) , we can rewrite the condition (8) as:
This condition set the lower limit of the initial binary separation,Ā >Ā RL . An upper limit,Ā period , is determined by the condition that the orbital period of the binary should be shorter than P max , which is given in Subsection 2.7:
In the following sections we related the current A max to an upper limitĀ period on the initial separation. We assume that the spacial distribution of black hole binaries in the Galaxy traces the stellar distribution. According to Bahcall & Soneira (1980) , we can write the star formation number density per unit mass bin in the Galactic disk as a function of the distance from the Galactic center in the Galactic plane and the distance perpendicular to the Galactic plane z as:
where r 0 = 8.5 kpc is the distance from the Galactic center to the Sun, and (h z , h r ) = (250 pc, 3.5 kpc) are the scale lengths for the exponential stellar distributions perpendicular and parallel to the Galactic plane, respectively. Hereafter we consider only the disk component because the binaries in the Galactic bulge would not be observed due to the interstellar absorption. Then we can determine the normalization factor, ρ d,0 by:
(12) We describe this distribution with respect to the spherical coordinate centered at the Earth, (D, b, l) , where
and l is the azimuthal angle in the Galactic plane. The total number of black hole binaries without mass accretion that are detectable by Gaia can be obtained as a multidimensional integral over the initial primary mass, the mass ratio, the initial separation and the position
where we set the lower limit of the integration with respect toM 1 as M min,BH = 20M ⊙ , above which a primary star would form a black hole after its collapse, and f bin is the binary fraction. Hereafter we assume f bin = 0.5, which means that we have 50 binaries and 50 single stars out of 150 stars. In addition, q min represents the minimum mass ratio defined in §2.6, andĀ det is defined by considering the condition for the BH identification with Gaia ( §2.7). D max is set as 10 kpc in §3. Note that while the integration looks simple, it involves numerous implicit dependences, e.g., t L,i (i = 1, 2) depend onM i . As shown below, the final binary separation, A, can be described as
where a(q) is a function of the initial mass ratio q, then we can describe the differential number distribution of BH binaries of interest as
where
is the Jacobian of the variable transformation from the initial to final parameters.
Relation between the ZAMS mass and BH mass
We assume for simplicity that the BH mass satisfies the equation:
where we adopt k = 0.2 as the fiducial case. This is a conservative assumption. A good approximation is given by Equation 2.42 in Eggleton (2011) . In short k increases with mass from about 0.1 at M 1 = 0.8M ⊙ to about 0.4 at M 1 = 40M ⊙ , and then it flattens towards 0.5 at very large masses. In reality the WR stars will loose a lot of matter in the wind later, and the BH will have a smaller mass than the mass of kM . Our choice of k = 0.2 takes in to account these two processes. We also try k = 0.1 and 0.5. However, the real relation between the ZAMS mass and BH mass should be more complicated. Thus, we assume the mass relation as follows:
where we use the mass relation in Belczynski et al. (2008) as a reference, and this function satisfies M BH = 2 forM 1 = 20 and M BH = 10 forM 1 = 100. The model with this mass relation is named "curved".
Formation paths of binaries with a BH
A general scenario for formation of binaries with a BH involves a binary that initially contains a massive star and a companion. We assume that the initial orbit is circular. The more massive star -the BH progenitorwill evolve faster and will initiate the first mass transfer. We discuss the outcome of the mass transfer in detail for two cases of the mass ratio below. In our calculation we make several simplifying assumptions. We neglect the wind mass loss from the stars. the wind mass loss in the pre mass transfer phase will lead to tightening of the orbit, and therefore it is degenerate with the initial orbital separation. The mass loss from the primary will also decrease the mass that can be transferred to the companion in the large mass ratio case. However the contribution to the observed number of binaries in this case is small. Furthermore in our fiducial model we assume a simple relation between the mass of the primary and the mass of its core. We assume that a BH forms through direct collapse of the compact core with no mass loss during the process. Additionally, we assume that the BH receive no natal kicks during formation. The current understanding of BH formation is that such kicks are small.
A large mass ratio binary evolution
If the mass ratio is larger than 0.5, the mass transfer from a giant primary star will initially be unstable but then it will stabilize because the mass ratio will be reversed. In such a mass transfer the orbit initially tightens (i.e., the orbital separation decreases), and the system loses its mass rapidly. Once the mass ratio of the binary reaches unity, the separation starts to increase and the mass transfer finally ceases. Using the formulae presented by Podsiadlowski et al. (1992) , the ratio of the orbital separation to the initial one is given by
where c 1 = α(1−β)−2 and c 2 = −α(1−β)/β −2. Here α is the specific angular momentum per unit mass lost from the system, and β is the fraction of mass that goes to the acceptor from the donor. After the mass transfer, the mass of the secondary becomes M 2 =M 2 + β(1 − k)M 1 , and then we obtain
Hereafter we use α = 1.0 and β = 0.5, corresponding to the standard evolution model (e.g. Belczynski et al. 2002) .
2.5. A small mass ratio binary evolution If the mass ratio is smaller than 0.5, the system will undergo a violent mass transfer from the primary to the secondary. This will leads to a common envelope (CE) phase. During the CE phase, the binary orbital energy is used to expel the envelope. The evolution of the binary separation can be modeled following Webbink (1984) . Let us assume that the primary star has a core mass M c,1 and an envelope mass M env,1 , and that the initial and final orbital separations are A i and A f , respectively. From energy conservation we have
where α CE is the efficiency of converting the orbital energy into the kinetic energy of an envelope during the CE phase, and λ is a parameter which is determined by the structure of the primary star. Following Belczynski et al. (2002) and Belczynski et al. (2008) , we assume that α CE λ = 1 as the fiducial case. For the massive star with 20 M ⊙ or larger, λ can be ∼0.1 if the stellar radius is larger than ∼1 AU (Dominik et al. 2012) . Thus, the cases that α CE λ = 0.1 are also investigated in Section 3. We also examine the case α CE λ = 2.0. Then the binary separation expands by a factor of
where r L = R L (q 1 , A i )/A i . In order for the binary not to merge after the CE phase, the final separation should be larger than the sum of the stellar radii:
, where R ′ i (i = 1, 2) are the stellar radii right after the CE phase. In this case the Jacobian (17) is described as
2.6. Effect of the interstellar extinction The Gaia band is in the optical wavelengths and therefore, interstellar extinction reduces the total number of BH binaries detectable by Gaia. Gaia's limited magnitude is 20 mag, and the average extinction of the Milky Way disk is ∼1 mag per 1 kpc in the V-band. Thus, the fraction of stars detectable by Gaia in all stars may be drastically reduced for the distance farther from 1 kpc. As the lower limit of the luminosity of the observable star gets higher, the lower limit of the corresponding stellar mass gets higher. In this paper, we equate the Gaia band with the V-band, which is valid when the star is bluer than G-type stars whose color V-I 1 (Jordi et al. 2010) .
The interstellar extinction in the V band A V affects the relation between the absolute magnitude M V the apparent magnitude m V , and the distance D:
where the distance is normalized by 1 kpc and we adopt A V (D kpc ) = D kpc . In addition, the absolute magnitude is related to companion mass M 2 as:
where we adopt the empirical mass-luminosity relation in Smith (1983) . The absolute magnitude M V = 8.5 corresponds to a companion mass M 2 = 0.4M ⊙ . By combining Equations (26) and (27), we find the companion mass of a whose apparent magnitude and distance are m V and D kpc , respectively. Thus, given the limiting magnitude of Gaia and distance of the system, we obtain M 2,min , which is defined to be the minimum mass of the companion observable by Gaia. Therefore, q min in Equation (15) is now defined to be max(M 2 (M 2,min )/M 1 ,M min /M 1 ).
Constraints required for the BH identification
We need impose constraints on various parameters of the binaries to identify the primary of the binary system as a BH. The robust way to do so is to measure its mass. The astrometric observations of the companion star enables us to estimate the mass of the other unseen object through the measurements of the semi-major axis and the orbital period. The mass M BH can be expressed by M 2 , the orbital period P orb , and the semi-major axis of the companion, which can be written as the angular semi-major axis, a * times the distance:
where G is the gravitational constant. This equation means that the identification of BH requires measurements of M 2 , P orb , a * , and D with a sufficient accuracy.
In what follows, we estimate the required standard errors of these parameters for the BH identification and constraints on these parameters. If the mass of the hidden companion is larger than 3 M ⊙ with a n-σ confidence level, the object can be identified as a BH. This condition is expressed as
where σ MBH is a standard error of the mass estimate of the unseen primary, and we adopt n = 1. Using Equation (28) σ MB /M BH is related to σ M2 , σ P , σ a , and σ D (the standard errors of the companion mass, orbital period, semi-major axis, and distance, respectively) as:
where we assume that for all parameters the ratios of the standard errors to the parameters themselves are smaller than 1, and the correlation between errors of these parameters can be neglected. From Equations (29) and (30), we can constrain the ratios of the standard errors to the parameters, σ M2 /M 2 , σ P /P orb , σ a /a * , and σ D /D. If the following constraints are satisfied, the condition of Equation (29) is also satisfied, when
When M BH < 5M ⊙ , conditions more stringent than in Equation (31) are required for satisfying Equation (29). However, empirically few BHs weigh less than 5 M ⊙ (Özel et al. 2010) , so that we expect that the conditions in Equation (31) is useful for identifying most BHs. We note that these condition equations (Equation 31) are given to simplify the following reduction, and therefore, just necessary conditions. The constraints on the standard errors of orbital period, semi-major axis, and distance in Equation (31) are reduced to conditions on BH binaries detectable by Gaia. The constraint on the standard error of the distance imposes a condition on the magnitude of the companion at a distance D. Since the distance is inversely proportional to the parallax π, σ D /D can be expressed as σ π /π, where σ π is the standard error of the parallax for the Gaia astrometry, which is related to the apparent magnitude of the Gaia band (de Bruijne 2012). Assuming that the apparent magnitude of the Gaia band is equal to V-band magnitude as done in the previous section, the condition σ π /π is represented as 
In addition, we neglect the factor including V − I of the original expression of σ π (G) because this factor changes σ π only by a few percent. We note that Equation (32) gives the maximum apparent V magnitude m V,max for a fixed distance as m V,max ∼ 17.5 + 2.5 log 10 1 + (0.
where we assume that the maximum function in Equation (33) is simply equal to m V , which is valid for D kpc 10. This maximum magnitude enables us to obtain the minimum companion mass M 2,min by using Equations (26) and (27), that is, M 2,min = M 2 (m V,max ).
The conditions for the semi-major axis and orbital period in Equation (31) constraint the range of the semimajor axis. The standard error of the semi-major axis of the stellar orbit σ a is expected to be similar to σ π , because the semi-major axis of the stellar orbit a * is roughly the size of the orbit on the celestial sphere. Thus, we can assume σ a ∼ σ π , and therefore, the constraint on the semi-major axis of the binary system A can be written as
According to orbital solutions in the Hipparcos and Tycho catalog (ESA 1997) , all binaries with the orbital period less than 2/3 of the mission period of Hipparcos show the standard error of the orbital period less than 1/10 of the orbital period. Thus, we expect that for BH binaries with the orbital period less than ∼3 years, the orbital period will be measured with Gaia at the standard error less than 10%. Therefore, we adopt 3 years as the maximum orbital period. The minimum orbital period might be determined by Gaia's cadence for each object, which is roughly 50 days, so that we adopt 50 days as the minimum orbital period. These conditions give a range of the semi-major axis:
A(P orb = 50 days) < A < A(P orb = 3 years).
The typical standard error of the stellar mass is ∼10% (Tetzlaff et al. 2011) , where stellar masses are measured by using their luminosities and temperature, so that we expect that the standard error of the stellar mass measured by Gaiais also ∼10%. Therefore,Ā det is defined to be max(Ā(A ast ),Ā(A(P orb = 50 days))).
In the next section, we obtain the numbers of BH binaries detectable with Gaia by integrating Equation (17) for various models in which the parameters are different from each other. The parameters in models are shown in Table 1 . We show just distributions of the BH mass for models other than the fiducial one. We have four quantities as integration variables. The integral range of M BH are assumed to be [4 M ⊙ , 20 M ⊙ ]. The minimal companion mass M 2 , M 2,min , is given in Subsection 2.7. The maximal companion mass isM 1 [1 + β(1 − k)] for a mass ratio larger than 0.5 orM 1 for a mass ratio smaller than 0.5. The integral interval of the semi-major axis is the range such that Equations (35) and (36), where we note that the semi-major axis of all binaries should be betweenĀ min a(q) andĀ max a(q).
RESULTS

The calculated number of BH binaries detectable by
Gaia for the fiducial model is ∼3000. These include BH binaries whose companions' brightness is m V ∼20 magnitude. This number is much smaller than one found by Mashian & Loeb (2017) , because we impose conditions on the detectability of the systems (signal-to-noise ratios of the distance and the semi-major axis discussed in section 2.7), that reduce the maximal distance of BH binaries detectable by Gaia to 10 kpc. Figure 1 depicts the distributions of BH binaries that are detectable by Gaia. Almost all detectable BH binaries are within 1-5 kpc. The distribution within ∼1 kpc increases monotonically, corresponding to the increasing volume. Above ∼3 kpc the number of BH binaries drastically decreases, because Gaia cannot measure the distance and semi-major axis of most binaries precisely enough to identify those objects as BH binaries.
The upper right panel shows the power-law distribution of the BH masses. The index of this power-law distribution is ∼ −3.5, which is steeper than that of IMF. The main reason for this discrepancy can be due to the lifetime of the systems. A more massive BH has a companion whose mass is distributed in a wider range because of the flat distribution of the mass ratio, i.e., 0.08M ⊙ <M 2 <M 1 . The more massive companion the binary system has, the shorter is its lifetime (within a mode in which the companion is a main sequence star). The latter can be approximated, of course, by the lifetime of companion. Therefore, the mass range of companions contributing the total number of such BH binary system is nearly independent of the mass of the primary (or the BH mass). Thus, the fraction of the such BH binary system is nearly proportional to M −1 BH , which results in a BH mass distribution that is steeper than that of IMF by ∼1.
The distribution of companions masses is shown in the lower panel in Figure 1 . We see that the contribution of companions less massive than 1 M ⊙ is much smaller than that of those larger than 1 M ⊙ . Although the lifetime of the BH binary systems with less massive companions is much longer, these companions are too faint to be observed from distances larger than ∼1 kpc. We also see that the maximal mass of companions reaches ∼ 200M ⊙ , although the maximal mass of primaries is 150 M ⊙ . This is because when the mass ratio is larger than 0.5, we assume that the companion mass increases due to the mass transfer (see Section 2.4).
3.1. Dependence of the distribution of BH mass on the models The total numbers of detectable BH binaries for the models, lin01, lin05, and curved, are shown in Table 2 . We see that the total number correlates with the coefficient k. This can be interpreted to be an effect of astrometric observation. If BH mass is larger, the orbit of companion is also larger, which increases the detectability of BH by Gaia. This can be also understood by Equation (35) . Thus, as the coefficient k increases, the total number increases. Figure 2 shows distributions of BH mass when the relation between the ZAMS mass and BH mass is changed. In the model of the linear mass relation (fiducial, lin01, and lin05), the BH masses show the single power-law distributions, and their power-law indexes are similar to each other. On the other hand, the distribution of the model "curved" shows a peak at ∼ 7M ⊙ . This feature arises clearly due to the projection of IMF onto the BH mass with the relation of Equation (19). The small number below 7 M ⊙ reflects the steep slope in the function of Equation (19), where we note that the minimal BH mass is 2 M ⊙ , which is within the mass range of a neutron star. The drastic decrease over 7 M ⊙ is caused by the projection of IMF whose mass range is [40 M ⊙ : 150 M ⊙ ] onto the narrow mass range, i.e., [7 M ⊙ : 10 M ⊙ ].
We also examine the case in which IMF shown in Kroupa & Weidner (2003) is adopted. The total number of detectable BH binaries is estimated to be ∼1200 (Table 2 ). The power-law index of this IMF over 1.0M ⊙ is smaller than that of the fiducial one, so that the total number of primary star at the main sequence whose mass is > 20M ⊙ is less than that of the fiducial case, which causes the smaller number of the detectable BH binaries than in the fiducial case. This smaller powerlaw index affects the distribution of the BH mass, which is shown in the left panel of Figure 3 . The slope of the distribution in the case of K03 is steeper than that of the fiducial case. This means that the power-law index of IMF directly affects that of the mass distribution of BH detectable with Gaia.
We also see that the parameter αλ affects the total number of detectable BH binaries. The total number of the model al01 is much less than the fiducial one. This is explained as follows. The parameter αλ gives the ratio of the binding energy of the envelope mass of the primary to the lost orbital energy in the common envelope phase (Equation 23 ). Thus, as αλ decreases, the final semimajor axis A f decreases, which means that the range of A f is shifted downward in the logarithmic scale.In addition, for most BH binaries detectable with Gaia, the lower limit is determined by the lower limit of the pe- riod, 50 days, and the upper limit is determined by A f , which is smaller than the upper limit of the period, 3 years. Therefore, as αλ decreases, the total number of detectable BH binaries decreases. Table 2 also shows the total numbers of the case in which the distribution of mass ratio q. This indicates that the smaller the power-law index of the q distribution, the larger the total number. As the index becomes smaller, the fraction of less massive stars becomes larger. The less massive stars contributes the total number due to its long life time, so that the total number increases as a result. Figure 4 shows the corresponding distributions of BH mass, whose slopes are not so different from that of the fiducial case. This means that the q distribution does not affect the shape of the distribution of BH masses. The obtained result show that the BH mass distribution function that would be obtained by Gaia strongly depends on the relation between the mass of a black hole and the ZAMS mass of its progenitor. When we change the IMF and αλ, the difference in the distributions of BH masses is just the power-law index. In the case of q distribution, the BH mass distribution is nearly unchanged. On the other hand, when we adopt the curved function as the relation between BH mass and ZAMS mass, the shape of the distribution function of BH mass has been drastically changed. This means that we can determine whether the mass relation is a linear function or a curved function as shown in Belczynski et al. (2008) . Of course, we have not yet examine entire parameter space, so that another parameter change, such as a curved IMF or more complicated q distribution, can produce the distribution of BH mass with a peak. Nevertheless, IMF estimated from observations of massive stars in local universe shows single power-law distribution in ∼ 10 − 100M ⊙ (Garmany et al. 1982; Humphreys & McElroy 1984, e.g.,) , and the results in the last section shows weak dependence on q distribution, so that we argue that from the BH mass distribution, we can constrain the mass relation.
The number estimate of detectable BHs also depends on various parameters other than those changed in this paper. We have obtained the total numbers by changing some parameters, but our model has other parameters which is expected to change the total number of detectable BHs, such as the star formation rate (Equation 4), the distribution of semi-major axis (Equation 5), spacial distribution of binaries (Equation 11), the range of the orbital period required for the detection of BHs (Equation 36), and Gaia's astrometric precision σ π . Thus, the total number shown in Table 2 can be easily changed by adopting a different value for these parameters. Nevertheless, these parameters would change the total number by a factor of 2 or 3, so that 10 2−4 BHs is expected to be discovered by Gaia.
CONCLUSION
We have investigated the prospect for the detection of Galactic black hole binaries by Gaia. We have taken into account the orbital change due to mass transfer and common envelope phase, the interstellar absorption, and the identifiability of BHs with the astrometric observation. We show that Gaia will be able to identify ≃ 3×10 3 stars as companions of black holes in the fiducial case. Testing various models in which parameters related to the formation of BH binaries enables us to find the uncertainty of this total number 3×10 2 −6×10 3 . This number is greatly reduced from that obtained by Mashian & Loeb (2017) mainly because of the consideration of Gaia's feasibility for identifying BHs. We also compute the mass distribution function of detectable black holes. The shape of this distribution depends strongly on the relation between the ZAMS mass of a starM 1 and its remnant mass M BH .
This mass relation is difficult to speculate from observations because the number of identified Galactic black hole binaries is still not so large. Our results shows that we can estimate the ZAMS mass-black hole mass relation from the black hole mass distribution obtained by Gaia. This relation is important for the understanding of the stellar evolution process as well as understanding the core collapse process in massive stars.
